Abstract. Organosulfates (OSs), with ambiguous formation mechanisms, are a potential source of "missing secondary 15 organic aerosol (SOA)" in current atmospheric models. In this study, we analyzed the characterization and formation of OSs 16 and nitrooxy OSs (NOSs) under the influence of biogenic emissions and anthropogenic pollutants (e.g. NO x , SO 4 2-) in 17 summer of Beijing. The ultrahigh-resolution mass spectrometer equipped with electrospray ionization source was applied to 18 examine the overall molecular composition of S-containing organics. The number and intensities of S-containing organics,
rural, suburban, forest as well as remote environments (Lin et al., 2012; Meade et al., 2016; Stone et al., 2012; Riva et al., 45 2015; Brüggemann et al., 2017) , which could represent 0.02-30% of OA (Hawkins et al., 2010; Stone et al., 2012; Frossard 46 et al., 2011; Tolocka and Turpin, 2012; Surratt et al., 2008; Liao et al., 2015) .
Many chamber experiments studied try to reveal the precursors and formation mechanisms of OSs (Surratt et al., 2010;  48 Surratt et al., 2008; Liggio and Li, 2006; Chan et al., 2011; Shalamzari et al., 2014; Shalamzari et al., 2016; until the column was equilibrated. The column temperature was kept at 45 o C and the injection volume was 5.0 μL.
144
The quantified OSs and NOS species are listed in Table 1 . The monoterpene NOSs (C 10 H 16 NO 7 S -and C 9 H 14 NO 8 S -)
were quantified using the [M-H] -ions in the extracted ion chromatogram (EIC) and other species were quantified in multiple-reaction monitoring (MRM) mode. OSs and NOSs were quantified using authentic standards or surrogates with similar molecular structures ( Table 1) . Lactic acid sulfate (LAS) and glycolic acid sulfate (GAS) were prepared according to 148 Olson et al. (2011 ) (Olson et al., 2011 . Four monoterpene derived OSs were synthesized according to Wang et al. (2017) 149 (Wang et al., 2017d) .
150

Other online and offline measurements
151
A high resolution time-of-flight aerosol mass spectrometer (AMS) was employed to measure the chemical composition
152
of PM 1 . The operation procedures and data analysis have been described in Zheng et al. (2017) (Zheng et al., 2017) . VOCs
153
were measured by a proton-transfer-reaction mass spectrometer (PTR-MS). Meteorological parameters, including relative 154 humidity (RH), temperature, wind direction and wind speed (WS) were continuously monitored during the campaign.
155
Organic carbon (OC) was analyzed using thermal/optical carbon analyzer (Sunset Laboratory). The organic matter (OM) 156 concentration was calculated by multiplying OC by 1.6 (Turpin and Lim, 2001) . Water soluble inorganic ions and low MW 157 organic acids were quantified by an ion chromatograph (IC, DIONEX, ICS2500/ICS2000) following procedures described in 158 Guo et al. (2010) . After performing quality assurance/quality control for IC measurements, the data (ions, pH, LWC) derived 159 from IC measurements in the daytime samples of May 26 and 29 were excluded in the following analysis. Gaseous NH 3 was 160 measured using a NH 3 analyzer (G2103, Picarro, California, USA) (Huo et al., 2015 162 the particles are "metastable" (Hennigan et al., 2015; Weber et al., 2016; Guo et al., 2015 
Overall molecular characterization of S-containing organics
All the formulas identified by Orbitrap MS in ESI negative mode were classified into four major categories based on 167 their elemental compositions, including CHO, CHON, CHOS and CHONS. As an example, CHONS refers to compounds 168 that contain C, H, O, N and S elements in the formula. Other compound categories are defined analogously. The percent of 169 different compound categories in terms of number and intensity are shown in Fig. S1 and Fig. 1 of 351 OSs and 181 NOSs formulas were identified among all the samples during the campaign. The temporal variation of the total number and intensity of OSs and NOSs are shown in Fig. S1 . During pollution episodes (nighttime of May 27 -the intensity of NOSs showed nighttime enhancement during the whole observation period (Fig. S1 ). Previous studies suggested
193
that some NOS species could form via NO 3 -initiated oxidation under high-NO x conditions at night (Surratt et al., 2008; 194 Iinuma et al., 2007; Gomez-Gonzalez et al., 2008) , which will be further discussed in the following sections.
195
Some of the more abundant OSs and NOS peaks identified in the samples on the clean day (05/24N) or during pollution
196
episodes (05/30D, 05/30N) are listed in Table S1 . For example, deprotonated molecules C 9 H 15 SO 7 -, C 10 H 17 SO 7 -and
197
C 9 H 17 SO 6 -were observed among the highest OS peaks in samples during pollution episodes (Table S1 ). These compounds
198
could be derived from the oxidation of alkanes or diesel fuel based on previous chamber studies ( Riva et al., 2016b; Blair et 199 al., 2017) . OS compounds derived from anthropogenic VOC precursors were widely observed in ambient aerosols (Table   200 S1), while they were not quantified due to the lack of standards in this paper. (Wang et al., 2017d) .
206
The OS species of low MW and short carbon chain structures (with less than 6 carbon atoms in the molecule) are little 207 retained on the SPE cartridges due to their highly water-soluble and more hydrophilic properties (Gomez-Gonzalez et al., 208 2008; Lin et al., 2012; Lin et al., 2010 
223
The relative contribution of each species to the total OSs or NOSs is shown in Fig. 2 et al., 2011; Hettiyadura et al., 2015; Hettiyadura et al., 2017) .
232
Carboxylic acids mainly form via aqueous-phase oxidation in cloud or particle water, including both biogenic and 233 anthropogenic sources (Charbouillot et al., 2012; Chebbi and Carlier, 1996 (Fig. S3) , except for α-pinene OSs and β-pinene OSs, observed at very low concentrations.
282
During the campaign, particles were generally acidic with a pH range of 2.0-3.7, favorable for the OS formation (Fig. 3) .
283
The OS concentrations generally followed similar trend with that of sulfate aerosols (Fig. 3) , suggesting the OS formation in 284 the presence of acidic sulfate aerosols.
285
During the observation period, three pollution episodes (episodes I, II, III) were identified based on the PM 2.5 pollution episode III (nighttime of May 29 -the nighttime of May 30). During this episode, the accumulation of secondary especially sulfate and nitrate salts, represent the most important components driving the particle hygroscopicity (Wu et al., 290 2018; Xue et al., 2014) , thus the aerosol LWC increased with SIAs (Fig. 3) . 
307
aerosol acidity and LWC were noticeably lower than the other periods, restraining the OS formation.
308
The three pollution episodes were characterized by different inorganic aerosol composition and aerosol properties (e.g. 317 Guo et al., 2016) . In this study, higher aerosol acidity was observed with elevated contribution of sulfate among SIAs (Fig.   318 3). This is in accord with a previous study suggesting that particle pH was generally below 2 when aerosol anionic 
323
by the relative contribution of SO 4 2-and NO 3 -to SIAs (Fig. 4 (b) ). When the SIAs were dominated by SO 4 2-(SO 4 2-/SIAs> 324 0.5), the aerosol acidity increased obviously as a function of SO 4 2-/SIAs ratios and the pH values were generally below 2.8
325
( Fig. 4 (b) ). The high aerosol acidity was favorable for OS formation and OS concentration also increased as a function of 326 sulfate mass concentration and fraction (Fig. 4 (a) ). The pollution episode III (Fig. 3) was the typical case for this condition.
327
When the SIAs were dominated by nitrate (SO 4 2-/SIAs< 0.5), high LWC may occur due to the high concentrations of 328 hygroscopic SIAs, while the aerosol acidity was relatively lower due to the lower sulfate fraction than that of nitrate ( (Fig. 3) was the typical case for this atmospheric condition. Overall, the OS formation would obviously 332 be promoted via acid-catalyzed aqueous-phase reactions, when the SIAs accumulation was dominated by sulfate (SO 4 2-/SIAs> night (Fig. S3) . This indicated the dominant nighttime BVOCs loss via NO 3 -initiated oxidation in summer of Beijing. The 339 oxidation of BVOCs was found to be controlled by NO 3 oxidation rather than O 3 oxidation during the campaign, which
340
contributed to a total of 90% of BVOCs reactivity at night (Wang et al., 2018) . Nighttime enhancement of monoterpene
341
NOSs was clearly observed under high-NO x conditions (Fig. 5) . The nighttime concentrations of C 10 H 16 NO 7 S -and
342
C 9 H 14 NO 8 S -were respectively 2.3-32.4 (10.8 on average) and 1.9-20.7 (6.8 on average) times of the daytime concentrations.
343
Higher mixing ratios of monoterpenes were observed at night (Fig. S2) , when the high NO x concentrations ( 
348
(C 10 H 16 NO 7 S -) were found with elevated NO 2 level at night (Fig. 6) , indicating the plausibility of more NOS formation via 349 NO 3 -initiated oxidation. When NO 2 increased to higher than 20 ppb, the NOS concentration did not further increase 350 obviously with NO 2 , which suggested that NO 2 was in surplus and not the limiting factor for NOS formation any more.
351
The lower concentrations of monoterpene NOSs during the daytime could be attributed to the much lower production,
352
as the monoterpene, NO x and NO x /BVOCs ratios were much lower than those at night (Fig. S2) 
Formation pathways of isoprene OSs and NOSs
369
Different from the day-night variation trend of monoterpene NOSs, isoprene NOSs (C 5 H 11 NO 9 S -) displayed similar 370 temporal variation to isoprene OSs and the total OSs (Fig. 7) . The isoprene NOSs are supposed to form via similar pathways 371 as isoprene OSs, rather than the nighttime NO 3 -initiated oxidation pathway as that of monoterpene NOSs. The strong 372 correlation between isoprene OSs and NOSs also indicated their similar formation pathways (Table S2) 
387
Although the isoprene NOS formation was not via the NO 3 -initiated oxidation pathways, the NO 3 radical could be 388 involved in the formation pathways and influence the yield of isoprene NOSs. Considering the different atmospheric
389
conditions during the daytime and nighttime, we analyzed the variation of daytime and nighttime isoprene NOSs separately
390
( Fig. 8) . Generally, higher concentrations of isoprene NOSs were found with elevated NO 2 or MVK+MACR concentration 391 levels. During daytime, the correlation of isoprene NOSs with NO 2 was higher than that with MVK+MACR (Fig. 8) . When that the biogenic VOCs precursors were in surplus under this condition and the formation of isoprene NOSs may be limited
394
by the lower daytime NO 2 concentration, sulfate aerosols or other factors. During daytime, the MVK+MACR concentrations
395
were generally higher and NO x was lower (Fig. S2 ), thus the NO 2 level may limit the daytime formation of isoprene NOSs.
396
During nighttime, strong correlation between isoprene NOSs and MVK+MACR was observed, while the increase trend of 397 isoprene NOSs as a function of NO 2 level was not so obvious and their correlation was lower (Fig. 8) . During nighttime, the 398 NO x concentrations were generally higher and MVK+MACR concentrations were lower (Fig. S2) , thus the concentrations of 399 isoprene oxidation products (e.g. MVK+MACR) may be the limiting factor for the nighttime formation of isoprene NOSs.
400
The threshold (e.g. NO x /isoprene ratio, NO x /isoprene oxidation products ratio) that makes the transition from NO x -limited to 401 isoprene-limited (or isoprene oxidation products) still need further investigation through laboratory studies. 
406
MS data. More than 90% of the CHOS formulas could be assigned as OSs and more than half of the CHONS formulas could 407 be assigned as NOSs, based on the molecular formulas. The number and intensity of OSs and NOSs increased significantly 408 during pollution episodes, which indicated they might play important roles for the SOA accumulation.
409
To further investigate the distribution and formation pathways of OSs and NOSs in complex ambient atmosphere, some 410 representative species were quantified using HPLC-MS, including ten OSs and three NOS species. , 9, 5155-5236, 10.5194/acp-9-5155-2009, 2009 .
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